ABSTRACT
INTRODUCTION
Fractionation of cellular proteins involved in Simian Virus 40 (SV40) DNA replication in vitro identified a single-stranded (ss) binding protein (reviewed in [1] and see also references in [2] for further citations). Depending on the laboratory this heterotrimeric protein was called replication protein A (RP-A), replication factor A (RF-A) or human single-stranded DNA binding protein (HSSB). The protein complex is composed of threesubunitsof70kDa, 32-34 kDa and 11 -14 kDa and binds preferentially to ssDNA through its 70 kDa subunit. RP-A appears to have an important role in the T antigen dependent generation of a ss region at the SV40 origin prior to initiation of DNA synthesis. This protein is highly conserved since it has been found to have a similar subunit structure and function in Saccnaromyces cerevisiae [3] . RP-A has a preference to bind to ss pyrimidine stretches in a stoichiometry of 1 molecule to 30 bases [2] . In addition, it has direct effects on DNA polymerases 8 and a [4] . RP-A can specifically stimulate DNA polymerase a under conditions where heterologous SSB's cannot [5] . The 70 kDa subunit is responsible for the interaction with DNA polymerase a/primase [6] . The stimulatory effect on DNA polymerase 8 is more complex. First, DNA polymerase 5 requires the presence of at least the two other auxiliary proteins being proliferating cell nuclear antigen (PCNA) and replication factor C (RF-C) for optimal stimulation by RP-A [4, 5] . DNA polymerase 8 is less dependent on RP-A originating from the same organism, since bacteriophage T4 gene 32 protein and SSB's from Escherichia coli and adenovirus could substitute for the RP-A derived from the same tissue. RP-A concentration in the SV40 replication system is critical for the specificity for DNA polymerase a [7] , The individual RP-A subunits have different roles in DNA replication, in the sence that DNA polymerase a is stimulated by die 70 and 32 kDa subunits while DNA polymerase 8 on the other hand only by the 70 kDa subunit [8] . Furthermore, an interaction between RP-A and SV40 T antigen appears to be essential for primosome assembly during SV40 DNA replication [9] . The 32-34 kDa subunits of yeast and human RP-A are phosphorylated in a cell-cycle dependent manner [10] , RP-A-32 appears to be phosphorylated within the replication complex [11] and its phosphorylation is carried out in part by the cdc2 family of protein kinases [12] . Our recent observation that RP-A alone is able perform unwinding of DNA might be physiologically relevant to its role in initiation of DNA replication [13] . An early role of RP-A in replication appears to be suppression of unspecifk priming events through its interaction with DNA primase [14] , SV40 T antigen [6] and DNA polymerase a [6] . RP-A from calf thymus could replace the human counterpart in the SV40 replication system [15] . Finally, RP-A also seems to be involved in cellular DNA repair [ 16] and DNA recombination events [17] .
We have recently observed that RP-A can unwind DNA independent of ATP and MgCl 2 . The length of the DNA unwound is more than 350 nucleotides and stoichiometric amounts of RP-A are required [13] . In this communication we have further characterized this activity and show that DNA unwinding is due to the 70 kDa subunit and that the phosphorylation of the 32 kDa subunit in vitro stimulates DNA unwinding while dephoshyphorylation by alkaline phosphatase inhibits the same activity.
MATERIALS AND METHODS

Materials, proteins and nucleic acids
Nucleotides, column supports, nucleic acids and other chemicals were exactly as descibed [18] . The protease inhibitors pepstatin, leupeptin, PMSF, sodium bisulfite, aprotinin, chymostatin, l-chloro-3-tosylamido-7-amino-2-heptane (TLCK) were from Sigma. DNA polymerase 8, Escherichia coli SSB, PCNA, and RF-C were donated by V.Podust (this Institute) and had been purified as described earlier [19, 20] . E.Nigg (Lausanne) provided chicken cdc2 kinase and M.Kenny (Dundee) the four monoclonal antibodies against RP-A (70A, 70B, 70C and 34A). Polyclonal antibodies against PCNA were raised in chickens as described [21] and a polyclonal antibody against the 40 kDa subunit of RF-G was a gift of J.Hurwitz (New York). Calf thymus histone HI was donated by Ph. Panceter (Zurich), alkaline phosphatase and the restriction enzymes £coRI, Hind HI, Sma I, BamHl, were from Boehringer.
Preparation of DNA substrates
A short substrate (24mer) hybridized onto a M13mp8 DNA was prepared as outlined for DNA helicases [18] . To determine the direction of unwinding two substrates were constructed from a 30mer Xbal -EcoRI polylinker oligonucleotide hybridized to ssM13mpll DNA and restricted with Smal according to Thdmmes et al.(1992) .
Assays for RP-A
The fete of RP-A during isolation was followed with three assays: (i) by testing individual fractions with a polyclonal antibody raised in chicken; (ii) by in vitro complementation of DNA polymerase 5, PCNA and RF-C on a singly-DNA primed M13 DNA template as described below and (iii) with an DNA unwinding assay. Unwinding of the short 24 mer substrate was carried out in a final volume of 25 /xl containing: 20 mM Tris-HCl (pH 7.5), 4%(w/v) sucrose, 8 mM dithiothreitol, 80 /xg/ml bovine serum albumin, 10 ng DNA substrate (3000 cpm/pmol) and protein to be tested. Incubation was for 60 min at 37°C unless otherwise mentioned. The reaction was stopped, the product electrophoresed, autoradiographed and quantified as described [18] .
Purification of RP-A
The purification of RP-A was essentiallly as described [13] . Briefly, the purification procedure included the four steps DEAESephacel, hydroxylapatite, ssDNA cellulose and FPLC Mono Q. Buffers: buffer A: 20 mM Tris-HCl (pH 8.0), 10 mM KC1, 250 mM sucrose, 10% (v/v) glycerol, 1 mM dithiothreitol, 2 mM EDTA, 0.5 mM spermidin, 10 mM benzamidine, 10 mM sodiumbisulfite, lmM PMSF, 0.5 mg/ml TLCK and 1/ig/ml each of pepstatin, leupeptin, aprotinin and chymostatin. Buffer B: 30 mM Tris-HCl (pH 8.0), 0.02%(v/v) Nonidet P-40, 0.125%(w/v) myo-inositol, 2 mM EDTA, 1 mM dithiothreitol and all the protease inhibitors mentioned in buffer A. Buffer C: 20 mM Tris-HCl (pH 8.0), 10%(v/v) glycerol, 0.02%(v/v) Nonidet P^O, 2 mM EDTA, 1 mM dithiothreitol and all the protease inhibitors mentioned in buffer A. 500 g of fetal calf thymus (the tissues were stored at -70°C until use) were homogenized in 1500 ml buffer A in a Waring blender for 5 min. The suspension was centrifuged at 10,000 g for 30 min. After passage through several layers of cheesecloth the cleared supernatant was loaded onto a 350 ml DEAE-Sephacel column equilibrated with buffer B containing 100 mM KC1. The column was washed with 3500 ml buffer B containing 100 mM KC1. RP-A was eluted in one step with buffer B, containing 350 mM KC1 and the fractions containing RP-A were dialysed and loaded onto a 160 ml hydroxylapatite column equilibrated in buffer B. RP-A was eluted in one step with buffer B, containing 150 mM potassium phosphate (pH 7.5). The fractions containing RP-A were dialyzed against buffer B. The dialyzed RP-A were brought to 800 mM NaCl. This solution was then loaded onto a 10 ml single-stranded DNA cellulose column equilibrated in buffer C containing 800 mM NaCl. The column was washed with 100 ml buffer C containing 900 mM NaCl and RP-A eluted with 30 ml buffer C containing 2.5 M NaCl. The fractions containing RP-A were pooled, dialyzed against buffer C and loaded onto a 1 ml FPLC Mono Q column equilibrated with the same buffer. Elution of RP-A was performed with a linear gradient of 20 ml from 50 to 500 mM NaCl in the above mentioned buffer. RP-A eluted at 250 mM NaCl and the active fractions in all three assays as describe above were stored in small aliquots in liquid nitrogen until further use. A DNA helicase was finally separated on the last column from RP-A and eluted at 300-350 mM NaCl (see Results, Figure 1 ).
Inactivation by heating and freezing/thawing
Heat inactivation was performed by heating 300 ng RP-A for 3 min at different temperatures (0, 24, 37, 60, 80°C) and the samples were subsequently added to the reaction mixtures as described for the DNA unwinding assay. For freezing/thawing: 300 ng RP-A were frozen in liquid nitrogen, thawed on ice and subsequendy added to the reaction mixtures as described for the DNA unwinding assay.
Experiments with monoclonal antibodies against RP-A
In preliminary experiments we have found that me four monoclonal antibodies against human RP-A (aRP-A 70A, a RP-A 70B, aRP-A 70C and aRP-A 34A) [8] reacted in immunoblots with calf thymus RP-A (data not shown). The interactions with the monoclonal antibodies were carried out in a final volume of 22.5 id containing: 20 mM Tris-HCl (pH 7.5), 4% (w/v) sucrose, 8 mM ditiuotheitrol, 80 /xg/ml bovine serum albumin, 150 ng RP-A (to give about 20% unwinding) and antibodies to be tested. The reactions were incubated under gende mixing for 60 min at 4°C. After addition of 2.5 /d (10 ng) of DNA substrate DNA unwinding was measured as decribed above.
In vitro phosphorylation of calf thymus RP-A
The in vitro phosphorylation of RP-A was carried out in a final volume of 25 y.\ containing: 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM dithiothreitol, 4 mM ATP, 0.2 /xl chicken cdc2 kinase (200 pmole/s//il) and 5 /tg of RP-A. The reaction was incubated for 30 min at 24°C. As a positive control for cdc2 kinase 5 /ig calf thymus histone HI were phosphorylated in the same way.
In vitro dephosphorylation of calf thymus RP-A
The in vitro dephosphorylation of RP-A was carried out in a final volume of 25 /xl containing: 50 mM Tris-HCl (pH 8.5), 0.1 mM EDTA, 5 U alkaline phosphatase and 5 ng RP-A. The reaction was incubated for 3 min at 37°C followed by 30 min at 24°C.
In vitro replication of singly primed M13 DNA This replication assay was carried out as described [ 19] . A final volume of 25 ill contained the following components: 40 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 10 mM MgCl 2 , dATP, dGTP, dCTP each at 50 ^M, 15 nM of [ 3 H]dTTP (1500 cpm/pmol), 100 ng of singly-DNA primed M13 DNA, 100 ng of PCNA, 10 ng RF-C, 350 ng of Escherichia coli SSB, and 0.25 U of DNA polymerase 8. The reactions were incubated for 60 min at 37°C and DNA synthesis measured as described [19] .
Isolation of the primer recognition complex with gel filtration
A final volume of 100 yX contained: 40 mM Tris-HCl (pH 7.5), 1 mM dithiothreitol, 0.2 mg/ml bovine serum albumin, 10 mM MgCl 2 , 600 ng singly-DNA primed M13DNA, 2 itg Escherichia coli SSB, 600 ng PCNA, 15 ng RF-C, and 1 mM ATP. After incubation for 2 min at 37°C, the mixture was immediately loaded on a 1.8 ml (0.4x14 cm) Bio-Gel A-5m column equilibrated in 30 mM Tris-HCl (pH 7.5), 20 mM NaCl, 5% (v/v) glycerol, 2 mM dithiothreitol, 8 mM MgCl 2 and 0.1 mg/ml bovine serum albumin. Gel filtration was carried out at 4°C with a flow rate of 2 ml/h. Two-drop fractions corresponding to about 90 til were collected. Under these conditions DNA mainly eluted in fractions 5 and 6 and free nucleotides in fractions 12-16. The fractions were assayed for DNA synthesis activity by incubating 22 /d with 3 /d of a solution which yielded finally 50 tiM each of dATP, dCTP, dGTP and 15 /tM [ 3 H]dTTP (1500 cpm/pmol) and 0.25 units DNA pollymerase 5. Incubation was for 30 min at 37°C followed by the determination of acid-precipitable material.
Other methods
Protein concentrations were determined according to Bradford [22] , immunoblots performed according to Towbin et al. [23] and for silver staining the protocol of Arezzo and Rose [24] was employed.
RESULTS
Separation of the calf thymus RP-A unwinding activity from a DNA helicase
The purification procedure for RP-A includes the four steps DEAE-Sephacel, hydroxylapatite, ssDNA cellulose and FPLC Mono Q [ 13] and the procedure was followed by using the three assays of (i) immunoblotting for RP-A, (ii) complementation of DNA polymerase 5 in a holoenzyme assay [ 19] and (iii) by DNA unwinding [13] . RP-A after the FPLC Mono Q column was shown to have unwinding activity independent of ATP and Nucleic Acids Research, 1993, Vol. 21 MgCl 2 [13] . Figure 1 shows that on FPLC Mono Q an unwinding activity independent of ATP and MgCl 2 separated from an unwinding activity that was evident only in the presence of the two cofactors mentioned and thus being a bonafide DNA helicase activity (compare Figure 1A and IB). The peak of ATP and MgCl 2 independent DNA unwinding activity contained the subunits of RP-A, being 70 kDa, 55 kDa (a proteolytic degradation product of the 70kDa subunit always seen in calf thymus, even in the presence of eight different protease inhibitors, [13] ), 32 kDa and 11 kDa sububits ( Figure 1Q . The subunits reacted with antibodies raised against the individual subunits of RP-A (data not shown). The DNA helicase separated from the RP-A will be described elsewhere.
Effect of MgCl 2 , ATP, heat and freezing/thawing on the unwinding activity of calf thymus RP-A MgCl 2 at 0.750 mM inhibited unwinding to 50% in the absence of ATP (Figure 2A ), while 1.5 mM were required to observe the same effect if lmM ATP was included in the reaction ( Figure 2B ). ATP on the other hand in the absence of MgCl 2 stimulated unwinding 2-fold at 500 /iM, while 1 mM and more abolished the activity ( Figure 2Q . Complex formation of Mg-ATP is a likely explanation for this result. In the presence of 
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Figure 3. Inactivation of calf thymus RP-A by heating (A) and by freezing/thawing (B)
. Heating and freezing/thawing experiments were performed by using 300 ng of RP-A with subsequent testing for DNA unwinding as described in Materials and Methods. 1 mM MgCl 2 an< i absence of ATP unwinding is inhibited more than 50% (Figure 2A ). This inhibition of unwinding at 0 mM ATP is overcome by the addition of 2 mM ATP ( Figure 2D ) suggesting that a Mg-ATP complex did not interfere anymore with the unwinding by RP-A. The unwinding activity is very labile since heating for 10 min at 25-37°C reduced the activity by more than 40% ( Figure 3A) . Upon freezing/thawing twice RP-A unwinding was reduced more than 70% and after five times a complete loss of the activity was seen ( Figure 3B ). These data indicated that the unwinding activity can easily go undetected in the presence of MgCl 2 or ATP and by the usual handling of the protein.
Escherichia coli SSB does not affect unwinding by calf thymus RP-A
Under optimal conditions for DNA unwinding of a 24mer substrate annealed to ssM13DNA no unwinding was observed with Escherichia coli SSB alone [13] . Titration of RP-A in the presence of increasing amounts of the bacterial SSB showed no stimulation of unwinding by RP-A (Figure 4 ). This observation suggested that RP-A appears to bind more efficiently or more tightly to ssDNA than the bacterial counterpart since at all concentrations of SSB tested stoichiometric amounts of RP-A, enough to cover the ss region of the DNA were required to detect DNA unwinding. SSB alone did not show unwinding under these conditions (Figure 4 , data points at 0 ng RP-A).
Unwinding by calf thymus RP-A shows no directionality
To determine the direction of unwinding two substrates were constructed from a 30mer Xbal-EcoRI polylinker oligo- nucleotide hybridized to ssM13mpll DNA and restricted with Smal [18] . RP-A can unwind DNA with the 5'-3' and 3'-5' directionality substrate indicating that RP-A has no preference for the direction of unwinding ( Figure 5 ). This result was not unexpected since the herpes simplex virus type 1ICP8 protein, which is an analogous protein of RP-A has been shown to unwind in both directions [25] .
The 70kDA subunit of calf thymus RP-A appears to be responsible for DNA unwinding Polyclonal antibodies raised in chickens against the heterotrimeric protein as well as against the three subunits individually did not affect the DNA unwinding of RP-A (data not shown). When, however, the well characterized monoclonal antibodies aRP-A70A, aRP-A70B and aRP-A70C [8] were tested, the results shown in Figure 6 indicated that only the aRP-A70C abolished unwinding, while the aRP-A70A, aRP-A70B as well as the aRP-A34A had no inhibitory effect. These results nicely support an earlier observation by Kenny et al. [8] in the SV40 in vitro replication system where the aRP-A70C antibody was able to abolish the SV40 origin specific unwinding in the presence of the large T antigen, RP-A and DNA topoisomerase I. SV40 origin dependent unwinding on the other hand was not affected by the aRP-A70A, aRP-A70B and aRP-A34A antibodies [8] a result which is consistent with the data in Figure 6 . From these experiments we conclude that the 70kDa subunit of RP-A is likely responsible for DNA unwinding by RP-A. Finally, the aRP-A34A antibody stimulated unwinding by RP-A four fold.
In vitro phosphorylation of the 32kDa subunit facilitate DNA unwinding by calf thymus RP-A The 32kDa subunit of RP-A is phosphorylated in a cell-cycle dependent manner [10] and cdc2 family kinases appear to be responsible for phosphorylation leading to activation of DNA replication [12] . In addition it had been shown that phosphorylation appears to occur within the replication initiation complex [11] . We therefore tested the effect of RP-A phosphorylation/dephosphorylation on DNA unwinding. Figure 6 . The 70kDa subunit of calf thymus RP-A appears to be responsible for DNA unwinding. 150 ng RP-A (enough to give 20% unwinding) were incubated with various amounts of monoclonal antibodies (0-1 /ig) directed against the 70 kDa (aRP-A70A, aRP-A70B and oRP-A70C) and the 34 kDa subunit (aRP-A34A). After 60 min at 0°C the fractions were tested for DNA unwinding as described in Materials and Methods. Data represent a mean value of three experiments carried out in triplicate. Figure 7A shows that the 32kDa subunit was preferentially phosphorylated in vitro by chicken cdc2 kinase. Phosphorylation by cdc2 kinase stimulated DNA unwinding ( Figure 7B and Q. Under conditions where isolated RP-A (which represent a mixture of phoshporylated and non-phosphorylated RP-A, see [13] and Figure 1 therein) exhibited 15% unwinding (140 ng) phosphorylation facilitated unwinding 5-6 fold, while dephosphorylation by alkaline phophatase reduced DNA unwinding to less than 10%. Titration of these three forms of RP-A confirmed that phosphorylation reduced the amount of RP-A required for unwinding, since complete unwinding (>80%) was achieved with the phosphorylated form while the non-phosphorylated protein at the highest concentration tested (250 ng) did only unwind to 60%. Extrapolating the curve to saturation predicts that 600-700 ng of unphosphorylated RP-A would be required to unwind more than 80% under these conditions. Thus phosphorylation stimulated DNA unwinding by RP-A up to 5-fold under these DNA unwinding conditions. The data from Figures  1-6 were influenced in an analogous manner as documented in Figure 7 . Two to three times less RP-A was required to give the same effect of unwinding and a filter binding assay experiment with ssDNA indicated that the phosphorylation status of RP-A had no influence on the ssDNA binding activity of RP-A (data not shown).
RP-A
Unwinding of a primer recognition complex by calf thymus RP-A Efficient replication of primed M13 DNA by DNA polymerase 5, requires PCNA, RF-C, RP-A (or Escherichia coli SSB) and ATP [19, 26] . PCNA and RF-C in the presence of ATP can form a primer recognition complex on SSB-coated primed ss M13 DNA and this complex can be isolated on a Bio-gel 5A column [19] . We therefore isolated two substrates, namely (i) an Escherichia coli SSB-coated sinlgy-primed M13DNA in the absence of the primer recognition complex and ii) an Escherichia coli SSB-coated sinlgy-primed ssM13 DNA containing a primer recognition complex. The second substrate contained PCNA and RF-C after gel filtration on a Bio-gel 5A column as tested in two immunoblots and was able to support DNA replication upon addition of DNA polymerase 5 (data not shown). From Figure 8A and 8B it is evident that rate and extent of DNA unwinding was only slightly affected by the primer recognition complex indicating that RP-A could also unwind a substrate that contains the auxiliary proteins for the DNA polymerase 8 action but less efficienly than in their absence.
DISCUSSION
RP-A from calf thymus copurifies with a DNA helicase and can finally be separated from the DNA helicase to yield an apparently homogeneous preparation of of RP-A. The unwinding activity does not require ATP and MgCl 2 two essential cofactors for DNA helicases [27] and is extremely labile to heat as well as very sensitive to freezing/thawing. Escherichia coli SSB does not affect DNA unwinding by RP-A. Since the same amount of RP-A was required for unwinding if Escherichia coli SSB covered the entire ss region of the unwinding substrate, suggesting that RP-A might displace Escherichia coli SSB from the ss DNA. The protein showed no directionality while unwinding since it acted on two directionality substrates to determine 3' -5' and 5' -3' direction [18] . Monoclonal antibody experiments suggested that the 70 kDa subunit of RP-A is responsible for unwinding.
Phosphorylation of RP-A32 stimulated and dephosphorylation inhibited unwinding suggesting an important role of phosphorylation for DNA unwinding. It has been demonstrated that the 32kDa subunit of RP-A is phosphorylated in a cell cycle dependent manner [10] , that phosphorylation appears to occur within the replication initiation complex [11] and that this modification is carried out by the cdc2 family protein kinases [12] . Thus after phosphorylation DNA unwinding could facilitate origin unwinding to occur and thus DNA synthesis to start. The fact that RP-A interacts with the origin binding protein SV40 T antigen [6] , with DNA polymerase a/primase [6] and with several cellular DNA helicase in a species specific way [ 18, 28] suggests that the process of DNA unwinding by RP-A might be tightly coupled through protein-protein interaction with replication proteins and that phosphorylation may influence these interactions. Indeed an interaction of RP-A with SV40 T antigen might be essential for the correct assembly of a primosome on a ssDNA coated with RP-A [9] . Furthermore, in the presence of RP-A, the SV40 T antigen, that was complexed to the SV40 origin of replication started unwinding of the DNA [29] . At low T antigen concentrations and in the presence of ATP, DNA polymerase a stimulated the binding of T antigen to the core origin, while RP-A did not, but this stimulation finally lead to an increase in the subsequent unwinding in the presence of RP-A [29] .
DNA unwinding has been observed with ICP8 of Herpes Simplex Virus type 1 which also promotes strand displacement independent of ATP and MgCl 2 and exhibits no directionality [30] . The in vitro unwinding activity of RP-A and ICP 8 might favour functions for these protein in DNA replication to destabilize DNA during origin unwinding and possibly also during replication fork movement.
What might the function of DNA unwinding by RP-A at the replication fork itself and in processes such as DNA repair and DNA replication? As suggested by the data in Figure 8 unwinding occurs even in the presence of an primer recognition complex (PCNA, RF-C and ATP on an Escherichia coli SSB coated singly-primed M13DNA) that is tightly bound to a primer [19] . However less unwinding was observed in comparison to a primer free of the primer recognition complex. One function of RP-A could be to remove unproductive (= free) or abortive (primer recognition complexes not or already used by DNA polymerases 5 or e) primers thus allowing the assemly of a primosome [9] . Removal of primers might not only be important at the replication fork but also for processes such as DNA repair (e.g. nucleotide excision) or homologous recombination.
